face of tissue sections without requiring antibodies, staining, or complicated pretreatment 9 . Direct analysis of a tissue section with IMS allows for the detection of a wide range of molecules such as lipids 10 , peptides 11 , and nutrients 12, 13 as well as administered pharmaceuticals 14 . Although IMS can be used to directly analyze the TLC surface TLC-IMS , complete retrieval of the target compound from the silica coated onto the plate is diffi cult. This problem was largely resolved by transfer of separated lipids from the TLC plate onto polyvinylidene difl uoride PVDF membranes, which is referred to as TLC-blotting 15 . The spectral quality on PVDF membranes is reported to be better than that on TLC plates in terms of sensitivity, mass resolution, and background interference 16 . Recently, we developed a new method that combined TLC-blotting and MALDI-IMS TLC-Blot-MALDI-IMS 17 . This method enabled us to visualize PC and SM molecules and analyze their structures by tandem MS MS/MS on PVDF membranes. However, it is still unknown whether TLC-Blot-MALDI-IMS can be applied to the analysis of other phospholipids.
In this study, we applied TLC-Blot-MALDI-IMS to analyze lipids extracted from bluefin tuna Thunnus thynnus . We show that TLC-Blot-MALDI-IMS analysis can visualize and identify major phospholipids such as PE, PI, PS, PC and SM.
EXPERIMENTAL PROCEDURES 2.1 Reagents
High performance TLC HPTLC silica gel 60 was purchased from Merck Darmstadt, Germany . Methanol was purchased from Kanto Chemical Company Inc. Tokyo, Japan and 2, 5-dihydroxybenzoic acid DHB was obtained from Bruker Daltonics Bremen, Germany . Ultra pure water was obtained using a Milli-Q water system Millipore, Bedford, MA, USA and was used to prepare all the buffers and solvents. All the chemicals used in this study were of the highest purity available. Slices of bluefin tuna were purchased from a local market in Hamamatsu, Japan. They were stored at 30 until their analysis.
TLC
Total lipids were extracted from two kinds of bluefin tuna one was farm-raised in the Republic of Malta, and the other was wild tuna captured from the Sea of Japan with chloroform/methanol 2/1, v/v 18 . Equal amounts of total lipids dissolved in chloroform/methanol 2/1, v/v were manually applied as 5-mm wide spots onto HPTLC silica gel 60 plates. The plates were developed with a methylacetate/1-propanol/chloroform/methanol/0.25 aqueous KCl 25/25/25/10/9, v/v/v/v solvent system. After developing the samples, the HPTLC plate was sprayed with primuline reagent until it was wet, and then, the plate was air-dried. Lipid bands were visualized under UV light at 366 nm and the visualized bands were marked with a soft red pencil.
TLC-blotting
TLC-blotting was carried out as described previously 15, 19 . In brief, the HPTLC plate was dipped in the blotting solvent, namely, 2-propanol/0.2 aqueous CaCl 2 /methanol 40/20/7, v/v/v for 10 s and then immediately placed on a fl at glass plate. Thereafter, a PVDF membrane, followed by a Teflon membrane, and finally a glass fiber filter sheet were placed over the lipid spots on the HPTLC plate. This assembly was pressed evenly for 30 s with a commercially available iron heated to 180 . The PVDF membrane was then removed from the HPTLC plate and air-dried. Lipids on PVDF membranes were exclusively located on the reverse side of the TLC plate.
TLC-Blot-MALDI-IMS
TLC-Blot-MALDI-IMS was carried out using a MALDI time of fl ight TOF /TOF-type instrument Ultrafl ex II TOF/ TOF, Bruker Daltonics equipped with a 355-nm Nd:YAG laser at a repetition rate of 200 Hz. IMS was carried out as described previously 20, 21 . In brief, 50 mg/mL DHB in methanol/water 1/1, v/v was used as the matrix. DHB solution a total of 10-20 μL was deposited on the lipid spots on the PVDF membrane and lipids were transferred by the heat-iron method from the TLC plates to PVDF membrane. The crystallization process was accelerated under a gentle stream of cold air. To obtain high-quality mass spectra, the PVDF membrane was fi rmly pressed with Kimwipe Crecia, Tokyo, Japan to fl atten the membrane surface and eliminate the excess matrix crystals. The PVDF membrane was attached to a MALDI sample plate with electrifi ed doubleadhesive tape to reduce charges on the plate. Data were acquired in the positive-ion mode refl ector mode , and m/z values in the range of 400-1000 were measured. The laser diameter was set to the minimum value. The MS spectra were calibrated externally using DHB M H , m/z 155.12 and a peptide calibration standard Bruker Daltonics . All the spectra were acquired automatically using the FlexImaging software Bruker Daltonics . Normalization was also performed using this software. The software was also used to create two-dimensional ion-density maps, and peak analyses were performed using FlexAnalysis Bruker Daltonics . Lipids were identifi ed by referring to a previous report 22 and by tandem MS analysis.
Tandem mass spectrometry
MS/MS was carried out using a MALDI linear quadrupole ion-trap-type instrument MALDI LTQ-XL; Thermo Fisher Scientifi c, CA, USA equipped with a 337 nm N 2 laser at a repetition rate of 60 Hz in the positive ion mode. Ionization was carried out with a 337-nm pulsed N 2 laser. The precursor and fragment ions obtained by collision-induced dissociation CID were ejected from the ion trap and analyzed. DHB 50 mg/ml in methanol/water 1/1, v/v was used as the matrix, and 50 μL DHB solution was deposited onto the lipid spots.
Statistical analysis
Statistical analysis was performed using Stat View 5.0 SAS Institute, Tokyo, Japan . The statistical difference in the ratio of lipids was determined by the Student s t test. Differences were considered signifi cant at P 0.05.
RESULTS AND DISCUSSION

TLC-Blot-MALDI-IMS analysis of lipids extracted from
bluefi n tuna samples PE, PI, PC, and SM were detected by primuline staining Fig. 1a . Each lipid spot was visualized by TLC-Blot-MALDI-IMS Fig. 1b . We focused on the three most in- Fig. 1d . In the negative ion mode, these PI species were detected as deprotonated molecular ions at m/z 909.6 PI 18:0/22:6 , m/z 885.6 PI 18:0/20:4 , and m/z 883.6 PI 18:0/20:5 data not shown . Previous reports have indicated that PI is not detected in the negative ion mode by the non-blotting method, i.e., TLC-MALDI-IMS, when DHB is used as matrix 23 . Our data suggested that the blotting process is essential for high-sensitivity detection of the negative ion in lipids.
Although spots of PS were not positively stained with primuline, molecular peaks of PS were detected at m/z 806.5, 902.5, and 858.5 by TLC-Blot-MALDI-IMS analysis. In the MS/MS analysis of the PS spots, neutral losses of fatty acids were not detected Fig. 1e . Considering the abundance of fatty acids in tuna, we designated these peaks as Fig. 1f . Only two molecular peaks were detected in the case of the SM spots, whereas more than three peaks were detected in the case of the glycerophospholipid spots. The molecular peaks of SM were detected at m/z 835.6 and 725.6. In MS/MS analysis of the SM spots, neutral losses of fatty acids were not detected Fig. 1g . We therefore designated these peaks as SM d18:1/24:1 and SM d18:1/16:0 according to a previous report 25 . The merged images of these phospholipids revealed that their developed positions were slightly different Fig. 1b right . These data was consistent with previous reports 19 and indicated that phospholipids was developed mainly on the basis of their number of carbon chains. The relative-to-front RF values of phospholipids are shown in Table 1 .
Lipid profi les of farmed and wild bluefi n tuna
The lipid profi les of farmed and wild bluefi n tuna were summarized in Table 1 ; the lipid profi le of farmed bluefi n tuna was different than that of wild one. The differences between the two samples may refl ect differences in dietary lipid nutrition, because lipid profi les are generally altered by exogenous factors. However, in the case of SM, no signifi cant difference was detected between farmed and wild tuna. Thus, the composition of SM in tuna might be unaffected by lipid nutrition. Both in farmed and wild tuna, PC 16:0/18:1 was detected intensely. PC 16:0/18:1 is reported to be a physiologically relevant endogenous peroxisome proliferator-activated receptor PPAR α ligand 6 . PPARα regulates the expression of enzymes related to the β-oxidation of fatty acids. PPARα is thought to have antiinflammatory 26 or anti-hyperlipidemia properties 27 . The beneficial effects of dietary tuna might be partly brought about via the PC 16:0/18:1 pathway. 
CONCLUSION
In this study, we applied IMS for analysis of lipids that were separated by TLC. We successfully detected differences in major phospholipid components at the molecular species level by TLC-Blot-MALDI-IMS. TLC is widely used in food analysis. This technique widens the applicability of TLC analysis; for example, unknown spots on a TLC plate can be identifi ed by direct MS/MS analysis of the samples. This approach shows great potential as a tool for future nutritional studies and lipidomics research.
